Polyhydroxyalkanoates (PHAs) are intracellular energy and carbon storage material synthesized by numerous microorganisms (1, 9, 16). Even though PHAs are good candidates for completely biodegradable polymers, the high production cost of PHAs has hampered their commercial application (10) . Therefore, much effort has been devoted to reduce the production cost of PHAs by developing more efficient processes for the production and recovery of PHAs (10) . Obviously, the development of a fermentation strategy that allows high PHA concentration and productivity is most important for reducing the production cost (3, 10) . High PHA content is also important because the cost of polymer recovery increases significantly with low PHA content (3) .
Bacteria that are used for the production of PHAs can be divided into two groups based on the culture conditions required for PHA synthesis (9, 10) . The first group, which includes Alcaligenes eutrophus (7) , methylotrophs (8) , and pseudomonads (17) , requires the limitation of an essential nutritional element in the presence of an excess of carbon source for the efficient synthesis of PHAs. The second group, which includes Alcaligenes latus (2, 5, 6) , Azotobacter vinelandii (15) , and recombinant Escherichia coli (11, 13, 14) , does not require nutrient limitation for PHA synthesis and can accumulate PHAs during growth. A. eutrophus has been employed most often for the production of poly(3-hydroxybutyrate) (PHB) since it accumulates a large amount of polymer in a simple glucose-salts medium (7) . A. latus has also been drawing much attention as a candidate for PHA production since it grows fast and accumulates PHA during growth without nutrient limitation (2, 5, 6) . Since it can utilize sucrose as a carbon source, cheap substrates such as raw sugar, beets, or cane molasses can also be used. These advantages created much interest in developing a better process for the production of PHAs by fed-batch culture of A. latus. It has been reported that a PHB concentration of 68.4 g/liter could be obtained in 18 h with a pH-stat fed-batch culture of A. latus using a high inoculum concentration (13.7 g [dry cell weight]/liter), resulting in a high PHB productivity of 3.97 g/liter/h (18) . This productivity would be close to 3 g/liter/h if a normal inoculum concentration were used. However, the PHB content obtained was rather low, at 50% (18) , and needs to be increased considerably to make this process commercially attractive. Since A. latus cells accumulate PHB during growth, it was reasoned that PHB accumulation might be incomplete during the time frame of fed-batch operation. In this study, we report that nitrogen limitation can significantly enhance the PHB biosynthesis capability of A. latus.
Culture conditions. A. latus DSM1123 was used in this study. Two-step flask cultures were created to examine the effect of nitrogen limitation on PHB synthesis. Cells were first grown in 250-ml flasks containing 50 ml of nutrient broth for 24 h, collected by centrifugation, washed once with AL1 medium, and resuspended in AL1 medium. AL1 medium (pH 7.0) contains (per liter): KH 2 Fed-batch culture was carried out in a 6.6-liter jar fermentor containing 1.6 liter of AL2 medium supplemented with 20 g of sucrose per liter and 2 g of (NH 4 ) 2 SO 4 per liter. Seed culture (400 ml) was prepared in AL2 medium. Temperature and pH were controlled at 30°C and 6.8, respectively. DO was maintained at 40% of air saturation by automatic control of agitation speed (up to 700 rpm) and the percentage of pure oxygen supplied. The gas flow rate was fixed at 4 liters/min. Feeding solution used before applying nitrogen limitation contained (per liter): sucrose, 900 g; (NH 4 ) 2 HPO 4 , 8 g; KH 2 PO 4 , 2 g; NaH 2 PO 4 ⅐ 2H 2 O, 10 g; MgSO 4 ⅐ 7H 2 O, 4.5 g; citric acid, 0.2 g; and trace element solution, 15 ml. The feeding solution used during nitrogen limitation contained 900 g of sucrose per liter. Two different feeding strategies were used for culturing cells before and after the application of nitrogen limitation. During the nitrogen-sufficient growth phase, the DO-stat feeding strategy was used. When the DO exceeded its upper limit (50% of air saturation), a calculated volume of feeding solution was added to increase the sucrose concentration in the culture broth to 20 g/liter. Nitrogen limitation was applied by substituting 5 M NaOH for NH 4 OH. There was no sharp DO increase upon carbon depletion during the nitrogen-limited period. The following continuous feeding model was therefore developed:
where ⌬t is the dimensionless time measured (in hours) after the application of nitrogen limitation, r is the sucrose feeding rate (grams of sucrose per hour), and C s is the sucrose consumption rate (grams of sucrose per hour) 1 h before nitrogen depletion.
The concentrations of cells (grams [dry cell weight] per liter), PHB (grams per liter), residual cells (grams per liter), and sucrose (grams per liter) and the PHB content (percent) were determined as previously described (12, 14) . The NH 4 ϩ concentration (millimolar) was determined by nesslerization (4) .
Flask and batch cultures. Since cell growth competes with PHB synthesis under non-limiting nutritional conditions, a strategy of nutrient limitation was examined that allows PHB production without further cell growth. After examining the effect of limiting nitrogen, phosphorus, magnesium, or sulfur in flask cultures, nitrogen limitation was chosen as the best strategy since it allowed the greatest enhancement of PHB production (data not shown). Two-step flask cultures were first created to examine the effect of nitrogen limitation on PHB synthesis. The reasons for applying two-step cultivation are as follows. When A. latus was grown in a defined medium containing sucrose as a carbon source, the PHB content obtained was about 50%. To examine the effect of nitrogen limitation on PHB synthesis, a low initial PHB content was desirable for better comparison of PHB synthesis rate and PHB content under nitrogen-sufficient and nitrogen-limited conditions. By first growing cells in nutrient broth, cells having a PHB content of ca. 15% could be obtained. As shown in Fig. 1A , cell growth under nitrogen-sufficient conditions was apparent from the increase in residual cell concentration. On the other hand, the residual cell concentration did not increase under nitrogenlimited conditions. The final cell, and PHB concentrations were higher under nitrogen-sufficient conditions. However, the PHB content and the PHB synthesis rate were higher under nitrogen-limited conditions. The PHB synthesis rate increased significantly upon nitrogen limitation and then decreased towards the end of cultivation and was always higher than that under nitrogen-sufficient conditions (Fig. 1B) . The maximum PHB synthesis rate under nitrogen limitation was 0.32 g of PHB/g of residual cells/h. The PHB content also increased more rapidly under nitrogen-limited conditions. These results suggest that in A. latus the PHB synthesis rate and PHB content can be increased by applying nitrogen limitation.
The effect of nitrogen limitation on cell growth and PHB synthesis was further examined by batch culture in a fermentor in which pH and DO level, in addition to temperature, can be perfectly controlled. Since the seed culture was prepared in the same medium used for the batch cultivation, cells had the initially higher PHB content of ca. 50%. Nitrogen limitation was applied at 12 h. The PHB content increased very sharply, from 52% to 83%, 6.5 h after application of nitrogen limitation and then slightly increased afterwards ( Fig. 2A) . As before, the residual cell concentration stayed rather constant during the nitrogen-limited period, suggesting no further cell growth. The NH 4 ϩ concentration was 15.7 mM when nitrogen limitation was applied and decreased steadily to zero in 4 h (Fig. 2B) . The PHB synthesis rate increased very sharply when the NH 4 ϩ concentration decreased to 1.1 mM. It can be seen from Fig.  2A and 2B that the increase in the PHB synthesis rate resulted in the rapid increase of PHB concentration and PHB content. The PHB synthesis rate reached a maximum value of 0.87 g of PHB/g of residual cells/h 6.5 h after application of nitrogen limitation and then decreased when the PHB content reached a value of 83%. This seems to be due to the reduced metabolic activity of cells containing a large amount of PHB, as was also observed with A. eutrophus (7) . This PHB synthesis rate is the highest reported to date for any microorganism.
Fed-batch culture under nitrogen limitation. Fed-batch culture has been the most popular method to achieve high cell density and high productivity of a desired product. At present, Ceregen (a unit of Monsanto, St. Louis, Mo.) is producing poly (3-hydroxybutyrate-co-3-hydroxyvalerate) by fed-batch culture of A. eutrophus from glucose and propionic acid on a semicommercial scale. Therefore, it is important to demonstrate in the fed-batch culture the beneficial effect of applying nitrogen limitation found in flask and batch cultures. The DO-stat feeding method was used since it was better than the pH-stat method.
After the application of nitrogen limitation, the feeding strategy was changed from the DO-stat method to the optimally determined feeding profile (equations 1 and 2). This was because there was no apparent DO increase upon carbon depletion under nitrogen-limited conditions, which was expected from no further significant cell growth under this condition.
The feeding profile was determined experimentally by calculating the sucrose consumption rate during the nitrogen-limited period. It was found that, during the first two hours after the application of nitrogen limitation, the sucrose consumption rate was 70% of that one hour before nitrogen depletion. The feeding profile shown in equation 2 was also developed based on the sucrose consumption rate, which further decreased during this period. The time profiles of the concentrations of cells, residual cells, and PHB are shown in Fig. 3 . A cell concentration of 76 g/liter was obtained in 12 h, resulting in the high cell productivity of 6.33 g (dry cell weight)/liter/h. Nitrogen limitation was applied at this point to trigger enhanced PHB synthesis. The PHB concentration as well as the PHB content increased rapidly upon nitrogen limitation. The residual cell concentration did not increase but rather decreased under nitrogen-limiting conditions, as is typically observed during the fed-batch culture of other PHB producers (7, 14) . At the end of cultivation (20 h), the cell concentration, PHB concentration, and PHB content reached were as high as 111.7 g (dry cell weight)/liter, 98.7 g/liter, and 88%, respectively, resulting in the high productivity of 4.94 g of PHB/liter/h. The highest PHB productivity was 5.13 g/liter/h, at 16 h. The maximum PHB synthesis rate during the fed-batch culture was calculated to be 0.44 g/g of residual cells/h. This value is much higher than that obtained with A. eutrophus (0.15 g of PHB/g of residual cells/h) (7) or recombinant E. coli (0.18 g of PHB/g of residual cells/h) (14) . The yield of PHB on sucrose was 0.42 g/g of sucrose.
In this paper, we described a new strategy for the production of PHB to a high concentration and high content with high productivity and yield by fed-batch culture of A. latus from sucrose. Increase in the PHB synthesis rate by applying nitrogen limitation together with the optimal sucrose feeding resulted in unprecedentedly high PHB productivity with high PHB content. This method should allow considerable reduction of PHB production cost and enhance the commercial viability of PHB as a biodegradable polymer. 
